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Abstract – Target-detection with a proof-of-concept 
electronically-steerable array (ESA) antenna is demonstrated in 
this paper. First, the clutter level is investigated by using 
vertically- and horizontally-polarized electric fields. Two metallic 
cylinders with different sizes are subsequently used as targets and 
are characterized using standard 15-dBi horn antennas. The 
bigger cylinder reflects about 3 dB higher power than the smaller 
one. A 2×2 ESA antenna is designed, fabricated and tested for 
two-dimensional beam steering. Unlike standard horn antennas 
that exhibit no electronic steering, the 2×2 ESA is able to identify 
a target location by steering the beam angle from –40 to +40 
degrees, when the target is placed at –25, 0, and +25 degrees. The 
reflected power from each target is 5 dB less when illuminated by 
the proof-of-concept 2×2 ESA than when illuminated by the 
standard horn antenna. This is due to the 5.2 dB gain difference 
between the two antennas. The findings of this work show the 
potential of ESAs in target detection technology.  
Keywords- Ground penetrating radar, target detection, radar 
cross section, electronically-steerable array antenna, phased array 
antenna 
I.  INTRODUCTION 
Ground penetrating radar (GPR) has attracted a lot of 
interest as a successful method in search of near-surface buried 
objects such as antipersonnel landmines, unexploded ordnance, 
pipes, etc. A lot of work has already been performed on the 
development of the necessary hardware and signal processing 
algorithms for either mono-static or bi-static radar systems with 
antennas closely placed above the ground surface [1]. While in 
several practical applications it may be desirable to raise the 
antenna from the ground surface, this may not be 
technologically possible because of the degraded GPR 
performance [2]. In terms of scanning the GPR beam, the most 
common technique is based on mechanically moving an 
antenna in order to illuminate the desired area. Alternatively, 
electrical switching circuits have also been used to select a 
single antenna or a pair of them as a transmitter or a receiver [3, 
4]. 
In this paper, we experimentally investigate an 
electronically-steerable antenna (ESA) as a target detector. The 
ESA can scan a wide area efficiently without any mechanical 
motion. We first examine the clutter level from the ground 
surface by transmitting two different electric-field signals. We 
confirm the validity of our experimental setup by comparing 
measured data with theoretical calculations using a standard 
gain horn antenna. Additionally, the performance of the 
individual circuits in the ESA and the combined antenna are 
discussed. 
II. TARGET DETECTION TECHNIQUES USING TWO HORN 
ANTENNAS 
A. Experimental Setup and Ground Clutter Investigation 
An experiment for target detection is first performed in a 
parking lot outside a building. The ground material is concrete. 
Two 15-dBi gain horns are placed on a concrete ledge at a 
height of 0.9 meters. They are used as transmitting and 
receiving antennas as shown in Fig. 1. A target, which is a 
hollow metallic cylinder, is placed directly on the ground and 
moved away from the antenna. 
Two different electric field polarizations (vertical and 
horizontal) are utilized. The clutter level is measured for both 
polarizations. Fig. 2 shows the clutter levels as measured by the 
transmitting and receiving horn antennas. With a transmission 
power level of –8 dBm, the vertically-polarized electric field 
results in a clutter level of –70 dBm at a distance of 4 m (the 
measurement frequency is 2.4 GHz). This is approximately 18 
dB lower than the horizontal polarization. The reflected power 
levels from the target cylinder are also compared for each case. 
Due to the alignment of the main target cylinder axis with the 
polarization of the horizontal electric field, the reflected power 
of the horizontally-polarized field is approximately 9 dB larger 
than that of the vertical field; –49 and –58 dBm, respectively. 
However, the signal-to-clutter ratio is only 3 dB in the 
horizontal case and 12 dB in the vertical case. Consequently 
the vertically-polarized electric field is utilized for all the target 
detection experiments in this paper. 
 
 
Fig. 1. Simplified schematic diagram of the experimental setup used to detect a 
target on the ground. Both vertically- and horizontally-polarized electric-fields 
are measured in the experiments. 
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Fig. 2. Measured clutter level by transmitting a vertically- and a horizontally-
polarized electric field. 
B. Target Detection Measurements Using Horn Antennas with 
Vertically-Polarized Electric Field 
The transmitting power was set at 20.5 dBm. This ensured 
sufficient power densities for distances up to 8 m. Both 
antennas were carefully focused on the center of the target. The 
clutter level is measured at approximately –45 dBm from 2 to 8 
m (the surrounding environment was not completely stationary 
during these measurements). The reflected powers from two 
different-sized metallic cylinder targets were measured. The 
big cylinder is 84 cm long with a radius of 2.7 cm. The small 
cylinder is 68 cm long with a radius of 2 cm. The radar cross 
section (RCS) of each cylinder target is theoretically calculated 
at 2.4 GHz as 0.65 m2 (big cylinder) and 0.42 m2 (small 
cylinder). Using the standard free-space radar equation we plot 
the measured reflected power with the free-space reflected 
power (Fig. 3). As can be seen in Fig. 3, the reflected power 
from the big cylinder is approximately 3 dB larger than the one 
from the small cylinder. This is comparable to the free-space 
theoretical difference of 2 dB. 
 
Fig. 3. Measured power reflections from the big and the small cylinders. The 
free-space theoretical calculations are plotted for comparison purposes as well. 
III. ELECTRONICALLY-STEERABLE ARRAY ANTENNA 
DESIGN AND MEASURED PERFORMANCE  
A. Two-dimensional ESA Antenna Design and Measured 
Performance of Individual Circuits 
To demonstrate the ESA antenna performance as an 
effective target detector, a proof-of-concept 2×2 ESA antenna 
(Fig. 4) is designed, fabricated and tested on a two 32mil-thick 
substrates with dielectric constant of 3.55. The first board 
includes a four-way power divider, four phase shifters, and four 
power amplifiers. The other has four patch antennas displayed 
in a 2×2 configuration. These two boards are connected by 
four external SMA adaptors. The total size of the 2×2 ESA 
antenna is 12.8 x12.8 cm2.  
All individual circuits of the ESA are evaluated in advance. 
Two Wilkinson power dividers are combined to implement a 
four-way divider. Each output has a measured insertion loss of 
–6.9 dB and an isolation of 20 dB. In order to obtain a ±40-
degree scanning angle with a step of less than 10 degrees, the 
phase shifter is designed to have four bits in order to provide a 
30, 60, 90, and 180-degree phase delay. To save space and 
reduce power loss, the last bit (180 degrees) is replaced with a 
single SPDT switch inserted into a feed line of each patch 
antenna. Selecting the upper versus the lower feed position 
results in a 180 degree longer phase delay. This is due to the 
difference of the electric field configuration at the two feed 
positions [5]. The maximum measured loss of the 30/60/90-
degree phase shifter is 5.8 dB. The maximum measured phase 
error is –5.2 degrees on the 180-degree long line. The four 
patches are placed half a wavelength (free space) away from 
each other. 
The power amplifier is designed to operate at a Class-E 
mode in order to achieve high power efficiency. A GaAs 
PHEMT transistor (MRFG35010AN, Freescale Semiconductor) 
is used as an active component. Fig. 5 shows the measured PA 
performance at 2.4 GHz, including output power, gain and 
efficiency. The single Class-E PA yields a maximum power of 
35 dBm, a maximum gain of 11 dB and a maximum PAE of 
78 %, which compare favorably to state-of-the-art results, e.g. 
[6]. 
 
Fig. 4. A simplified block diagram of the investigated 2×2  ESA antenna to 






             
                                                (b) 
Fig. 5. Measured (a) output power and gain, and (b) drain efficiency and PAE 
vs. input power of the single transistor GaAs Class-E power amplifier. The 
measurements are conducted at 2.4 GHz. 
B. Measured Radiation Patterns of the 2×2 ESA Antenna 
The 2×2 ESA antenna can steer its beam at –40, –35, –30, 
–25, –20, –10, 0, +10, +20, +25, +30, +35, +40 degrees at 2.4 
GHz in both the vertical and the horizontal planes. For example, 
when the two right patches are fed with a –90 degree phase 
delay, the ESA radiates its maximum power at +25 degrees 
(horizontal plane). All bits in the phase shifters require sixteen 
individual dc voltage signals (–2.7 or +2.7 V) depending on the 
desired beam angle. These signals are supplied through a 
LabView code. 
Fig. 6 displays the measured radiation patterns of the 2×2 
ESA at three different beam angles (–25, 0, and +25 degrees) 
in both planes. All values of the radiated power are normalized 
to the peak power of the 0-degree beam pattern. The 
experimentally-obtained curves are quite close to the 
simulated results that are also plotted in Fig. 6. The peak gain 
of the 2× 2 ESA is also calculated by applying the two 
standard-gain horn antenna measurement to the Friis equation. 
The measured value is 9.8 dBi. Based on the simulated 
directivity of 11.4 dBi, the antenna radiation efficiency can be 
estimated to be approximately 70 %. A higher efficiency can 
be obtained by minimizing the coupling between the radiating 
patches and the ohmic losses of the system. No particular loss 
optimization has been performed in the interconnecting layers 
of the presented ESA. 
 
    (a) 
 
   (b) 
Fig. 6. Measured radiation patterns of the 2×2 ESA antenna when the beam is 
steered at –25, 0 and +25 degree (a) vertically and (b) horizontally. The 
simulated patterns are presented for comparison as well. 
IV. EXPERIMENTAL RESULTS OF THE ELECTRONICALLY-
STEERABLE ANTENNA FOR TARGET DETECTION 
Due to limitations imposed by the experimental facilities, 
the ESA target detection experiments are conducted at a 
relatively low incident power of 23 dBm as measured at the 
input port marked as IN in Fig. 4. This results in an output 
power of 15.5 dBm at each power amplified output. An 
additional 1 dB of loss needs to be considered due to the switch 
in the patch feed line. As a result, each patch antenna radiates 
14.5 dBm. The combination of the four patches transmits an 
overall power of 20.5 dBm into free space. The experimental 
setup shown in Fig. 1 is utilized for the ESA as well. 
When the beam of the 2×2 ESA is steered in a vertical 
plane, the big cylinder target is placed at the center of the beam, 
only varying the distance from 1.5 to 4 m. This is the reason 
why all peak values of the power are shown up at 0 degree 
angle in Fig. 7(a). The reflected power from the 2×2 ESA is 
4.96 dB less than that from the horn on average in Fig. 7(b), 
which is almost same as the gain difference of 5.2 dB between 
the ESA and the horn. Furthermore, the 2×2 ESA antenna 
demonstrates the ability to identify a target location, when the 
target is located at –25, 0, and +25 degree angles in Fig. 8. 
Contrary to the horn antenna, the 2×2 ESA antenna reflects the 
same amount of power at the right angle where the target is. 
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Fig. 7. (a) Measured power reflected as a function of the ESA’s scanning angle 
when the big cylinder is placed at 0 degrees. (b) Measured reflected power as a 
function of distance. The ESA is scanned in the vertical plane. The target is 
being moved at the respective locations before each measurement is taken. The 
equivalent measurements with the horn antennas are included for comparison. 
V. CONCLUSIONS 
A two-dimensional proof-of-concept ESA antenna has been 
investigated in target detection experiments at 2.4 GHz. The 
2×2 ESA antenna has a gain of 9.8 dBi and a 3-dB beamwidth 
of ±25 degrees. The ESA can efficiently identify a target at the 
right angle at distances up to 4 m. Conducting similar 
experiments with larger and higher-power ESAs is expected to 
show a considerably improved ability to detect and identify a 
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Fig. 8. Measured power reflected from the target when the target is placed at  
–25, 0 and +25 degree angles using (a) the horn antenna with a beam fixed at 0 
degrees, and (b) the 2×2 ESA antenna with a beam steered from –40 to +40 
degrees (horizontal scanning). The measurements are conducted at a distance of 
3 m. 
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